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Superconductor-Correlated Metal-Superconductor
Josephson Junctions: An Optimized Class for High
Speed Digital Electronics

J. K. Freericks, B. K. Nikolicand P. Miller

Abstract—t has long been conjectured that tuning the barrier reducing/.Ry. The Josephson effect also occurs in supercon-
of a Josephson junction to lie close to the metal-insulator transi- ductor-normal metal-superconductor (SNS) junctions, where

tion will enhance the switching speed and provide optimal perfor- e gynerconductivity leaks through the normal metal via
mance. We examine a new class of junctions, so-called SCmSJunc-th imitv effect d th ti ied fl
tions, where the barrier is a correlated metal (or insulator) close to € proximity efiect, an € Supercurrent IS carried mostly

the metal-insulator transition. We show that high I. R products by Andreev bound states localized primarily within the bar-
and moderate temperature derivatives off. can be achieved when rier. SNS junctions often have nonhysteretic current-voltage
the thickness and metallicity of the barrier is properly tuned. We  characteristics, which allow for the possibility of rapid single
believe these junctions show promise for the fastest speed dlgltalﬂux quantum (RSFQ) logic [3]. RSFQ logic runs the fastest
electronics operation. . ol S . .

o o superconducting circuits, with the optimal speed inversely
_ Index Terms—Fast switching speed, Josephson junctions, metal- yrgnortional tol, Ry (but many circuits are run at less than
insulator transition, superconducting devices. h ¢

optimal speed).
Since the resistance of a SNS junction is low (and often the
|. INTRODUCTION critical current density of a SIS junction is low) it has long

HE GOAL of digital superconducting electronicsis to propeen c_onjectured th‘_"‘t one may be able to th'rmiéN W'th. .
barrier tuned to lie close to the metal-insulator transition

vide a faster alternative to semiconductor-based technofd-

gies. Itis well known that semiconductor technology is nearirgjhﬁre both/ ‘an Ry will tlae rgoderatle) [4]. Progucnons(é;‘ S
its physical limitations, and the increase in clock speed of int uch superconductor-correlated metal-supercondutor (SCmS)

grated circuits is approaching its fundamental maximum so gnctions would be useful as .weII, beca.“.se they would'llkely
where in the 10-100 GHz range. Low-temperature superceif self-shunted and not require an additional shunt resistor to

ducting electronics offers an interesting alternative, since tﬁ@tabl'jh a n(;)n(:lys_:ttﬁrgtllé: _currfnt—voltagle ckéa_ragglzstlclt (6.‘5 IS
fundamental limitations there lie more in the 100 GHz to 1 THZUT€Ntly needed wi junctions empioyed in Q logic).

range (and perhaps even higher for higher temperature supelWe hpresent eV|d-ence here .thfat Zupp%rtsséhesngtlon_ that
conductors like MgB or the cuprates). One of the challengegosep son properties are opt|.m|ze W't. m ]l.!nCtIOHS,
with low-temperature superconductor technology has been %ﬁQere the f:orrelated meta_l (or insulator) is tuneq to lie close
difficulty in demonstrating significant increases in speed ov pa metal-insulator transition. Successful operation and man-

semiconductor technology, for chips that perform complex o f?cture o1|‘ RSI?TQ;rctwts requires f_gur |mp(;)rtant etl_emerfltfr; )
erations (like A/D converters or microprocessors). arge value oti.Ity 1o ensure rapio-speed operation ot the

Superconducting electronics are based on the Joseph gﬁuit; i) a small temperature derivative of the critical current

effect [1]. It was originally proposed in tunnel junctions, whic 1.(T)/dT to ensure robustness against thermal variations in

consisted of superconductor-insulator-superconductor (ng circuit; i) QOOd Junction uniformity across the chip; and
sandwiches with ultrathin | layers. The theoretical des,cripticl%;onhySteret'C curren_t-V(_)Itage charactenshcs to allow RSFQ
of these junctions appeared soon thereafter by Ambegao ic to be used. We will discuss the first three elements here,
and Baratoff [2]. The problem with SIS junctions is tha?nd defer the last to future work.

they often have a hysteretic (double-valued) current-voltage

characteristic, and can only be employed in so-called latching Il. RESULTS

technology circuits, which are slow to switch and subject

to “punch-through,” or they need to be externally shunted The description of a correlated metal barrier (and of the

to have nonhysteretic behavior which comes at the cost rg}gtal-msulator _tran5|_t|0n) lies ogt5|d_e the highly successful
realm of quasiclassical approximations to the theory of

Josephson junctions [5]. Hence, there is a need to develop a
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only approximation used within the formalism is the so-called 2.5 o
local approximation, which says that the electronic self energy
possesses no momentum dependence (although it can vary
spatially due to the inhomogeneous layered structure of the
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device). Such an approximation is known to work well for 1 F =

three-dimensional systems. 05 =" ! ]
We describe our Josephson junction by a lattice model with S M I

each lattice site corresponding to a unit cell of the supercon- 0 0 :3 1'0 1‘5 20

ductor or the barrier material. In our calculations the electrons 8 —r : —

move on a simple cubic lattice. The superconductor is described L (b) | ]

by an attractive Hubbard Hamiltonian in the mean-field approx- =) 6 | -

imation (which is identical to a BCS approximation except the 3 [

energy cutoff is determined by the electronic bandwidth, since } 4 M | I

there are no phonons) [9]. The barrier material is described o T T | AT -

by the Falicov—Kimball model [10] with dynamical mean-field 2 {f & L =2

theory, which is identical to the coherent potential approxima- 0
tion of a binary alloy problem, with the difference in on-site po- 0O 2 4 6 8 10
tentials being equal t6r, and the alloy distribution treated in Interaction Strength U’__K
an annealed fashion (50% concentration of A and B ions). The

Hamiltonian for the Josephson junction is Fig. 1. Characteristic voltagé. Ry [normalized byA(0)/¢] for (a) a thin
(N = 1) barrier and (b) a moderately thick(= 5) barrier atl’ ~ T../11 and

T T 1 T 1 T =~ T./2 as a function of the “metallicityUr x . The bulk metal-insulator
H=-t Z CiyCio + Z U; (C”Cm - 5) (Cilcv‘,l - 5) transition (vertical dashed line) occurslah x = 4.9; in these junctions the
(ij)o i critical Uy x is somewhat larger due to their finite extent. The open symbols

(and solid line) depict the low-temperatutE & 1. /11) results and the solid
FK symbols (and dashed line) depict the higher-temperaflire:(7. /2) results.
"‘ZUi C:racia(wi—l)7 1) y ( ) dep g p (T./2)
10

2 The dotted line, in both cases is tlie= 0 Ambegaokar—Baratoff prediction
and the chain-dotted line is the Kulik—Omelyanchuk prediction. Note how the
single plane results are optimized in the metallic region for ©wnd in the

T . . insulating regime for high", but the Ambegaokar—Baratoff result is reduced by
Wherecio_’ (cio) creates (_deStroyS) an _e|ECtr0n of SPIRL SIte  apout 20% due to band-structure effects. In the five-plane case, the characteristic
7 on a simple cubic latticel/; = -2 is the attractive Hub- voltage is enhanced on the insulating side of the metal-insulator transition, and

bard interaction for sites within the superconducting planes (af§ oPtimization continues to be there @r/2, but itis reduced both due to a
. . FK - . . . reduction in/.. andto a reduction inR .
U; = 0in the barrier),U; " is the Falicov—Kimball interac-
tion which is nonzero for planes within the barrier (which tunes
the metallicity of the barrier), and; is a classical variable that independent ot/ i for largeUr ) for a thin tunnel junction
equals 1 if a disorder ion occupies sitand is zero if no dis- and equal torA/2e. The calculations also showed that for
order ion occupies sité A chemical potential: is employed moderately thick junctions]. Ry is strongly enhanced above
to determine the filling. The superconductor and barrier are diie Ambegaokar—Baratoff prediction on the insulating side of
ways chosen to be at half filling here & 1), henceu = 0. All  the transition. Thicker junctions show no such optimization,
energies are measured in units of the hopping integral 1;  because the critical current falls faster than the resistance grows
the electronic bandwidth is 12. We take= —2 in the super- in the thick insulating regimeThis implies that by a proper
conductor, which yield§, = 0.112 andA(T = 0) = 0.198. tuning of the thickness of the barrier and its metallicity, optimal
We vary Up g within the barrier to tune the metallicity (with /. Ry values can be achieved.
the thermodynamic average of fixed at1/2); in the bulk, a  The next issue to tackle is the stability to temperature vari-
metal-insulator transition occurs 8z ~ 4.9. ations. We show in Fig. 1 the characteristic voltage for a thin
In our calculations we have a self-consistent region, where thiagle-plane barrieN = 1 Josephson junction at low temper-
superconducting parameters can vary from plane to plane, arat@e7./11 and at moderate temperatufe/2 (the low-tem-
bulk region, which serves as the infinite superconducting leapsrature data are corrected from [12] due to more accuiate
for the junction. The bulk superconducting coherence lengthvalues). In the low temperature regime, we see an optimization
approximately 3.7 lattice spacings, so we use 30 planes on eitbei . R for clean metallic SNS junctions. The R product
side of the barrier as the self-consistent region (approximatelyUrx = 0 is maximized by the product of the critical cur-
8 times the coherence length). In this work, we take either orent density in the bulk times the Sharvin resistance times the
or five planes for the barrier to simulate a thin (tunnel) junctiooross-sectional area of a unit cell. This product is smaller than
and a moderately thick junction. The equations for the Greertge Kulik—Omelyanchuk prediction ofA /e [11]. The charac-
functions are iterated for self consistency of at least one pé#etistic voltage drops rapidly witll" for such SNS junctions,
in 10°. Once a self-consistent solution is determined, we verignd the optimization lies with the insulating tunnel junctions for
that it maintains current conservation throughout the junctiorhigher temperature. Note that the flatness offhié, curves in-
Calculations at low temperaturd../11) have reproduced dicates the Ambegaokar—Baratoff prediction holds in these re-
[12] the Ambegaokar—Baratoff result df.Ry being inde- sults as well (we estimate the error in our calculations to be
pendent of the size of the insulating gap (or equivalentBbout the symbol size). Also shown in Fig. 1 are the results for
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Fig. 3. Anomalous average as a function of plane number for the optimized
Josephson junction withv' = 5 andUrx = 7. Note how there are Fermi

avevector oscillations in the superconductor (planes 1-30 and 36—-66) as we
aaﬂ?proach the superconductor-barrier interface, but the large oscillations in the
Plgrrier are only present at very Iaiv.

Fig. 2. Temperature dependence of the critical current for a variety
different Josephson junctions. The open symbols are for a single pl
N = 1 and the solid symbols are for a moderately thigk= 5 junction.
Each thickness has three different levels of correlation ranging from metal
Upx = 2 tointermediatel/;.;c = 4 to insulatingUx,x = 16 for the
single-plane junction, and metallidrz,x = 2 to dirty metalUpx = 5 . . .
to gorrFe)IatedJinsuIatoUFK = 7forthe N = 5 jwunction. In addition, 1~ In the operating regime &f47. < T' < 0.7T, we find the
we include the Ambegaokar-Baratoff analytic result (solid line) and theurve is parallel to the Ambegaokar—Baratoff result, implying
Kulik—-Omelyanchuk clean SNS result (dashed line). Note how the thj

insulator reproduces the expected Ambegaokar—Baratoff result, and tﬁ‘;‘? temperature derivative is as gOOd as is found in tunnel

the more metallic proximity-effect junctions have much worse temperatuftdnctions for that range of operating temperatutence, the
dependence and wide linear regimes just like Kulik-Omelyanchuk predict. TRRCmS junctions have as good a temperature derivative of the

moderately thick correlated insulator, seems to have optimized properties. critical current as tunnel junctions within the conventional
thermal operating range of a circuit.

a moderately thick five-plane barrig¥ = 5 Josephson junc- One question that remains is whether the additional tempera-
tion. There we seé. Ry also decreases for the SNS junctionture dependence of the normal-state resistance in the moderately
as the scattering increases, but once the metal-insulator tratidick correlated insulator will degrade junction performance by
tion occurs[.Rx jumps at approximately the dashed line, anteducing the switching speed and causing timing errors in a cir-
is strongly enhanced on the insulating side. This optimizatiguit. It is best to address this question with a nonequilibrium
continues to hold at moderate temperature as well (although themalism that can properly handle the junction switching char-
optimization is less dramatic &5 increases). The significant acteristics and will be pursued elsewhere. This analysis will also
drop in magnitude of . Ry arises from a decreasebioth7.(7') address the issue of junction capacitance and whether SCmS
(which is similar to the Ambegaokar—Baratoff rate, see beloygnctions will be hysteretic, requiring external shunts.
and Ry (T) (which drops due to the effect of correlations at fi- The issue of junction uniformity across a chip may also be dif-
nite I" allowing more thermally activated carriers). But the maficult for SCmS junctions. The reason why this is so is due to the
jority of the drop comes from the large decreasearin from fact that one needs to carefully tune the thickness and the metal-
T =T./11t0T = T./2; itis likely the normal-state resistancelicity to achieve optimal properties. Agry increases in mag-
has an exponential dependence on temperature in this regigitude (more insulating), there can be a sensitive dependence
This may require circuits to be run at lower temperatures to tagethe characteristic voltage on thickness [12]. The sensitivity
advantage of the faster speed. can be so strong that variation of the thickness by one atomic
In order to examine the temperature dependence mgiane can create “hot spots” or “dead zones” on the junction,
thoroughly, we plotl.(7)/1.(0) for a variety of different producing a situation similarto Josephson coupling through pin-
temperatures and barriers in Fig. 2. Included in that figuteles, even though the barrier is completely homogeneous, ex-
is the Ambegaokar—Baratoff analytic result (solid line) andept for its thickness. This implies that the barrier thickness may
the Kulik—Omelyanchuk result (dashed line). Theé = 1 need to be controlled to high precision in order to achieve good
SIS junction reproduces the known results for thin tunnspreads in. Ry across a chip. It is also possible that one may
junctions, as expected, while the SNS junctions have pdard that near optimization, the results are not as sensitive to
temperature dependence, singedrops very rapidly, and lies the thickness. Only when systematic examinations on candidate
far below the Ambegaokar—Baratoff prediction for @l The materials are performed will we know if this will be a problem
correlated metal barrier behaves differently though. Forfar SCmS junctions.
moderately thick barrier (wherg R was optimized), thereis  We wish to end our theoretical discussion by showing one
a sharper decrease than in the tunnel junctions only for the Ifimal result on SCmS junctions. This result does not have any
temperature regim& < 0.37,, where it behaves linearly in bearing on the optimization properties, but it does show some
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interesting phenomena, that we do not fully understand. In are self-shunted and display nonhysteretic current-voltage char-
earlier work [12], we plotted the pair-field amplitude (equal timacteristics and determine how the temperature dependence of
pair-field correlation function or the anomalous average) asttze normal-state resistance and the junction capacitance affects
function of position within the junction; the pair-field ampli-the switching speed. Such analyses require a nonequilibrium
tude can also be thought of as the limit of the superconductif@mulation, which is currently underway. It is our hope that uti-
gap divided by the interaction strength—while the gap is difization of SCmS junctions in superconducting electronics will
continuous through the junction, the pair-field amplitude is ngbrovide further advantages over semiconductor-based technolo-
giving rise to the proximity effect. We found that at low temgies and be adopted for some applications in the near term.
perature there were small amplitude oscillations within the su-
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